ur aim was to determine the precision of the measurements of bone mineral density (BMD) by dual-energy x-ray absorptiometry in the proximal femur before and after implantation of an uncemented implant, with particular regard to the significance of retro-and prospective studies.
Measurements of the bone mineral density (BMD) of the proximal femur after arthroplasty of the hip have been made for a number of years, mainly in retrospective studies [1] [2] [3] [4] [5] in which a reduction of up to 50% has been observed compared with the non-operated side. Prospective studies could not predict a reduction in BMD by this amount. The maximum reduction of BMD two years after arthroplasty was 38% compared with the immediate postoperative density of the operated femur. [6] [7] [8] [9] [10] Direct comparison of retroand prospective studies is not possible since the implant time of the prostheses is markedly different and it has not been possible to identify the degree to which the BMD of both femora differ because of individual differences, and the effect of implantation of an uncemented stem. 11 We have compared the preoperative with the immediate postoperative BMD and examined the effect of implantation. The method of measurement and the influence of rotation in vitro and in vivo after implantation of an uncemented custom-made femoral stem were compared with those in standard uncemented stems.
Materials and Methods
Measurements were made by dual-energy x-ray absorptiometry (DEXA) using the Lunar DPX-L instrument (Lunar Corporation, Madison, Wisconsin) and 'orthopaedic hip software'. This was the 'fast scan mode' with 66 kV, 3 mA and a resolution of 0.6 * 1.2 mm. The scans began 1 cm distal to the tip of the prosthesis and were continued to 3 cm proximal to the tip of the greater trochanter. A bag equivalent to soft tissue was positioned lateral to the upper thigh to prevent scanning of air which would give a false measurement.
The software could identify and subtract the metal prosthesis by differentation between soft tissues, bones and the stem so that medial and lateral cortical bone could be measured alone. Measurement of the BMD was made using the 'orthopaedic hip program' in the zones of Gruen, McNeice and Amstutz 12 which divide the periprosthetic bone into distal, lateral and medial regions of interest (ROIs) (Fig. 1 ). The BMD (g/cm 2 ) of the whole periprosthetic bone was expressed by ROI ALL which is the mean of ROIs 1 to 7.
There were 60 patients, 27 women and 33 men, with a median age of 56 years (36 to 66). All had unilateral osteoarthritis of the hip. Patients with systemic disease or chronic inflammatory joint disease were excluded, as were those taking medication which influenced bone metabolism. The measurements for precision and of the effect of rotation could not be performed on all patients of the initial group, since they did not consent to all the examinations because of recent surgery and the times required for measurement which were often longer than one hour.
The patients lay in the supine position for the measurements. The leg to be measured was immobilised in a special foot jig, which allowed continuous fixation between 30° of internal rotation and 30° of external rotation. Thus it was possible to calculate the external rotation contracture which is often present before operation and to obtain a reproducible measurement. The leg was positioned and fixed in 10° of internal rotation or at the maximum preoperative internal rotation. Further measurements were performed at the identical rotational position to obtain reproducible results.
The mode 'scan comparison' was selected for each hip to compare the individual measurements so that the size and position of the ROIs were as nearly identical as possible.
All examinations and evaluations were performed by the same examiner (CL). Preoperative difference in BMD. Both femora were measured before operation in the 60 patients to determine the influence of unilateral osteoarthritis. Both legs were fixed at an identical rotation in the foot jig to eliminate the effect of rotation.
Using the Gruen analysis, we calculated the mean of the percentage deviation (d%) for each individual of the side to be operated on (op) compared with the non-affected side (non-op) using the following equation:
where BMD 1 = the non-operated femur and BMD 2 = the operated femur. Implantation effect on BMD. In order to determine the effect of implantation on the periprosthetic BMD, measurements were made on the operated femur of the 60 patients one day before (preop) and ten days after surgery (postop). An uncemented custom-made femoral stem (Adaptiva; Endopro Corporation, Dinslaken, Germany) and an uncemented cup (Bivalent; Fehling Corporation, Karlstein, Germany) with ceramic inlay and head were implanted in all patients. The mean of the percentage deviation (d%) of postoperative to preoperative measurements was calculated using equation 1. Precision of measurements in the operated and nonoperated femora. In 15 patients (seven women and eight men) with a median age of 56 years (44 to 64) the nonoperated femur was measured twice within one hour. The patients were repositioned between measurements. In 20 patients (eight women and 12 men) with a median age of 56 years (44 to 66) the operated femur was also measured twice with repositioning. Influence of rotation in vivo. In 20 patients (nine women and 11 men) with a median age of 55 years (40 to 64) rotation was measured on the operated femur at 15° internal rotation (15° INT), 5° internal rotation (5° INT) and 15°e xternal rotation (15° EXT) three months after implantation of an Adaptiva stem. In another ten patients (three women and seven men) with a median age of 58 years (41 to 65) measurements were made on the operated femur at 5° INT and 5° EXT according to equation 1. Influence of rotation in vitro. Ten explanted cadaver femora were fixed at the distal femur in a special apparatus which allowed continuous rotation from 60° external to 60°i nternal rotation.
In five femora CT was performed and an uncemented custom-made femoral stem of the Adaptiva type implanted in each. An uncemented Zweymüller stem (Allopro Corporation, Gelsenkirchen, Germany) was introduced into the other five femora. The missing soft-tissue mantle was compensated for by the use of a so-called 'dry-water insert'. Measurements were made at 15° INT, neutral pos- itioning (0°) and 15° EXT according to equation 1. Statistical analysis. We calculated the means of the percentage differences (d%) between the second (BMD 2 ) and the first measurement (BMD 1 ) for each individual according to equation 1. Most studies use the coefficient of variation (CV%) as the measurement of precision of the method. 7, 10, 13, 14 In order to compare the precision of our measurements with that of other series, we also used this method, but called it a modified coefficient of variation (mCV%), since, to be mathematically correct, the CV% is calculated from the standard deviation and the mean. The mCV% was calculated according to the following equation:
where d = individual difference in double measurements, n = number of patients and m 1 and m 2 = the mean value of the sum of the first and second measurement. Statistical analysis was made by the paired t-test after determining the normal distribution for all groups. The level of significance was set at p < 0.05. We used the statistics program JMP for Windows (version 3.1.6.2; SAS Inc, Cary, North Carolina).
Results
Preoperative difference in BMD. There was a significantly lower preoperative BMD in the affected femur compared with the opposite side, ranging from -3.5% to -8.6% (Table I) . A higher BMD of +1.6% was observed only in the region of the calcar (ROI 7). Implantation effect on BMD. After implantation of the femoral stem, the BMD increased from +5.2% (ROI 5) to +24.2% (ROI 1) with a mean of ROI ALL of +7.7% (Table  II) . ROI 4, used as a reference value, shows an increase in BMD of only +1.6%, which is within the range of error of the measurement. If the medial and lateral periprosthetic regions (ROI STEM ) only are considered the increase in BMD is +9% (Table II) . Precision of measurements of the operated and nonoperated femur. Double measurements show an mCV% for the non-operated side of 0.9% (ROI 5) to 1.6% (ROI 1 and 7) ( Table III ). The operated side shows an mCV% of 0.8% (ROI 4) to 3.3% (ROI 1) ( Table IV) . The mCV% for ROI ALL shows a value of 0.6% for both femora (Tables III  and IV) . Influence of rotation in vivo. The results of the measurements in vivo (15° INT, 5° INT, 15° EXT) likewise vary with rotation from -10.5% to +2.8%, with a mean of -2.8% (Table V) . Small changes in rotation can thus cause differences in BMD of more than 10%, and in individual cases up to 60% (data not shown). The measurements at 5° INT and 5° EXT show similar results, with mean differences of -5.1% to +2.1%, with up to 23% in individual cases (Table  VI) .
Influence of rotation in vitro.
The percentage difference in BMD in the explanted cadaver femora at different positions of rotation varies considerably from -8.2% to +10.4% and up to 64% in ROI 7 in some cases (Table VII) . On average, allowance should be made for differences of -2.9% with changing positions of rotation.
Comparison of the two types of prosthesis used shows differences of -3.3% on average for the custom-made stem (Table VIII) and of -2.5% for the uncemented stem (Table  IX) .
Discussion
Retrospective studies have reported considerable loss of BMD after implantation of an uncemented total hip arthroplasty compared with the opposite side. the BMD may differ according to hip pathology and many years of reduced activity by up to 20% in some cases has also been ignored. 11, 15, 16 In general, we were able to confirm the differences previously reported although not to the degree described. While Hall et al 15 found an increase in BMD in the femoral neck of up to 10% in arthritic patients, we found an increase of +1.6% in ROI 7 (Table I) . Masuhara et al 17 also
found an increase in the BMD of the femoral neck of 13% in degenerative hips. We noted a mean preoperative reduction of BMD in periprosthetic bone of -4.3% compared with the opposite side with a maximum in cancellous bone (ROI 1) of -8.6% (Table I) the proximal tibia. These results show that there is a marked decrease in the BMD in the affected femur as a result of reduced activity. An increase is seen only in the region of the femoral neck or calcar (ROI 7) due to the formation of osteophytes. There was, however, an 'apparent' increase in BMD averaging +7.7% (+1.6 to +24.2) with a maximum of +12.7% in ROI 7 and +24.2% in ROI 1 after implantation of a femoral stem (Table II) . If only the medial and lateral periprosthetic bone bed (ROI 1 to 3 and 5 to 7) is considered, the apparent increase in BMD is +9.0% (Table II) Thus, in spite of a preoperative reduction of BMD on the affected side, there is an apparent postoperative mean increase compared with the opposite side of 3%, especially in ROI 1 and ROI 7, and possibly of more than 10%. This phenomenon must be taken into account in retrospective studies, since in the past reductions of BMD of at least 35% were seen on the operated side compared with the opposite side, especially in ROI 1 and 7. 2, 10, 22 We found that the precision of the measurements varied from 0.8% to 3.3% for the operated and 0.9% to 1.6% for the non-operated side using the Lunar DPX-L instrument. The largest difference in the cancellous greater trochanter area (ROI 1) produced an mCV% of 3.3% for the operated and 1.6% for the non-operated sides (Tables III and IV) . Kröger et al, 21 Mortimer et al 13 and Nakamura 8 had similar results, whereas other authors have reported a higher mCV% (Table X) . Whether the type of equipment had any influence on the precision of the recordings is not certain. In those studies in which the mCV% was less than 2% (our results, Mortimer et al 13 and Nakamura 8 ) the data were obtained using the DEXA units from Lunar, but a more recent study 9 obtained much worse results with the same equipment.
Analysis of the literature also shows that the methods of ensuring the precision of the measurements have not been uniform. While, like us Kiratli et al, 14 Massari et al, 7 Mortimer et al, 13 and Sabo et al 10 (Tables III and IV ). The calculation of the total mCV% (ROI ALL ) is mathematically correct, but it reflects an mCV% which is too low, since the individual fluctuations are balanced by combining the seven regions. These results will reflect the precision of the method only if the total mCV% is considered. The results of Korovessis et al, 22 who report a coefficient of correlation of 0.8 to 0.9, also cannot be compared with our findings due to different methods of calculation. Reproducible positioning is required for accurate measurements. Goh, Low and Bose 24 using a standard foot block, obtained a mCV% of 1.83% for the femoral neck. Using a specially designed jig, which can reproduce rotation accurately, they obtained an CV% of 0.97%. We also used a specially produced positioning jig, which allowed continuous adjustment of rotation and showed an mCV% of 1.5% in ROI 7, compared with measurements on the femoral neck for the operated femur (Table IV) . We found a mean difference related to positioning of up to 2.8% with a very high scatter in individual measurements (Tables V and VI) . In some ROIs the mean difference was more than 10% (ROI 6) (Table V) with individual differences of up to 60% (ROI 6). Cohen and Rushton 23 also reported a variation of up to 24% in individual cases. Kröger et al 21 showed a mean variation for rotation of 3.5%, with the greatest variation being 5.1% in ROI 7.
Mortimer et al 13 showed a mean difference of 5% between 15° INT and 15° EXT rotation in phantom measurements.
In our phantom measurements, we obtained similar results with a mean of 2.9%, with maximum variations of 10% seen in the same position of rotation (ROI 1) (Table VII) . There was, however, no significant difference between the two types of uncemented stem used in the in vitro studies with 3.3% for the Adaptiva and 2.5% for the Zweymüller stems (Tables VIII and IX) . Our study shows that the custom-made femoral stem gives good results for the precision of measurement (mCV%) when compared with other series. Imprecise measurements, such as those taken without correct and 
